A 3-methyl substituted radioiodinated long chain fatty acid analogue was evaluated as an agent for the noninvasive detection of altered fatty acid uptake in reperfused, postischemic myocardium. This iodinated fatty acid analogue, 15-(para-iodophenyl)-3-methyl pentadecanoic acid, was given intravenously at 3 hours of reperfusion following 15 minutes (Group 1, n = 5 dogs) or 60 minutes (Group 2, n = 5 dogs) of left anterior descending coronary artery occlusion. Myocardial blood flow (MBF) was measured during occlusion and reperfusion with radiolabeled microspheres administered via the left atrium. Paired ultrasonic subendocardial crystals were placed in the ischemic perfusion bed to assess regional left ventricular systolic function at baseline, during ischemia and reperfusion. Electron microscopic analysis and staining with triphenyltetrazolium chloride (TTC) was performed. Groups 1 and 2 dogs had similar (p = NS) myocardial blood flows during occlusion. TTC positive 1 g endocardia] segments from Group 1 (n = 98) and Group 2 (n = 71) had 37% greater fatty acid analogue activity (0.26 ±0.04 vs. 0.19 ±0.09 percent injected dose per gram; p<0.05) compared with TTC negative segments from Group 2 dogs (n = 37). When fatty add analogue activity was related to near simultaneous reperfusion blood flow, this ratio was 27% greater (p<0.05) in TTC positive segments (0.38 ±0.1) compared with TTC negative (0.30 ±0.16) segments, and 9% greater than normal (0.35 ± 0.09; /?<0.05). While ischemic regions from both Groups 1 and 2 dogs became similarly dyskinetic during occlusion (systolic shortening, -11 ± 6 vs. -11 ± 2%; p = NS), TTC negative segments remained akinetic ( = 1±7%)at3 hours of reperfusion while TTC positive zones had recovered partial systolic function (8 ±22%). Electron microscopy confirmed the presence of reversible ultrastructural changes in TTC positive regions. A 60-minute occlusion, 3-hour reperfusion model adapted for in vivo single photon emission computed tomography showed a similar excess of IU I fatty acid activity over flow when compared to perfusion (as measured with MI TI) in the ischemic border zone of 4/4 canine myocardial infarcts. We conclude that the accumulation of this non-/J-oxidized fatty acid analogue noninvasively identifies zones of discordance between fatty acid and flow distribution that are characteristic of ischemically "stunned" but viable myocardium. (Circulation Research 1988;63:681-692)
perfusion, is an unreliable indicator of subsequent myocyte survival in the early reperfusion period. 6 Recent studies with l8 F-labeled fluorodeoxyglucose ( 18 FDG) suggest that focally enhanced myocardial "FDG uptake can be used to identify viable, ischemic tissues. 7 Positron cameras and radiopharmaceuticals unfortunately are not widely available at present. If similar data could be obtained with a single photon emitting radiopharmaceutical, the technique could be applied at many institutions with available equipment.
The postischemic dysfunctional state observed in reperfused, reversibly injured myocardium may be associated with an unusual utilization of metabolic substrates. Fatty acids are the principle myocardial substrate under aerobic conditions. Significant changes in fatty acid metabolism occur under conditions of hypoxia 8 and ischemia. 9 - 10 Tomographic imaging studies 1 '-' 5 have demonstrated changes in the retention, metabolism, and clearance of radiolabeled fatty acids in reperfused, ischemic myocardium. The present study was performed to relate the myocardial distribution of a newly developed, exogenously administered fatty acid analogue with unique kinetic behavior 16 to myocardial blood flow, ventricular function, and myocyte viability in reperfused postischemic myocardium following a transient coronary artery occlusion.
Materials and Methods

Study Protocols
Three groups of six dogs were studied in parallel protocols:
Group 1 dogs underwent a 15-minute proximal left anterior descending coronary artery (LAD) occlusion followed by 3 hours of reperfiision to create a severely ischemic noninfarcted region. 17 One dog died of ventricular fibrillation in the early postreperfusion period and was therefore excluded from subsequent analysis. The remaining five dogs were killed upon completion of the experimental protocol described below.
Group 2 dogs had a 60-minute LAD occlusion followed by a 3-hour reperfiision period to create an experimental infarction. 18 One dog died of hypotension and ventricular fibrillation during the occlusion period and was excluded. The remaining five dogs were killed after completion of the protocol.
Group 3 dogs underwent a 60-minute LAD occlusion followed by 3 hours of reperfiision. A distal LAD ligature was left in place to ensure the presence of an anteroapical perfusion defect during subsequent single photon emission computed tomographic (SPECT) imaging. Two dogs died during imaging, and four dogs who survived the second and third hours of reperfiision during SPECT were killed after imaging was completed.
Animal Preparation
Mongrel dogs (17-23 kg) were anesthetized with an intravenous injection of sodium pentobarbital (30 mg/kg), intubated, and ventilated with room air using a Harvard respirator (South Natick, Massachusetts). Catheters were placed in the femoral artery and vein to record central arterial pressure and to permit drug and fluid administration. A left thoracotomy and pericardiotomy were performed. A heparinized catheter was placed in the left atrium. After careful inspection of coronary anatomy, the middle portion of the LAD (after the first major diagonal branch) was isolated, then transiently occluded for 15 seconds to visually delineate the cyanotic epicardial margin of the ischemic "risk area." Prior to coronary artery occlusion, all animals were premedicated with 500 mg procainamide intramuscularly. A bolus and continuous infusion of lidocaine was initiated if significant ventricular ectopy occurred during the occlusion-reperfusion period. A silk ligature was used to occlude the LAD for 15 minutes (Group 1) or 1 hour (Groups 2 and 3). The ligature was then carefully released to ensure reperfiision without kinking or injuring the artery. A distal LAD ligature was left in place in the Group 3 dogs to create a fixed anteroapical perfusion defect within a larger reperfused ischemic risk area for subsequent SPECT imaging.
Microsphere Myocardial Blood Flow
Microspheres were administered through the left atrial catheter at the end of the ischemic interval and again at the end of the reperfusion interval. Between 1 and 2 million "Sr-labeled, 15-/Am microspheres (30 /iCi of activity) suspended in 0.01% Tween 80 solution were sonicated for 5 minutes, then injected at the end of the occlusion immediately prior to reperfusion. A similar injection **Sclabeled microspheres (30 /tCi of activity) was given during reperfusion. To calculate regional myocardial blood flow, an arterial blood sample was collected at a constant withdrawal rate (11.5 ml/min) for 2 minutes beginning immediately before microsphere injection. One gram myocardial and reference arterial blood samples were then counted in a scintillation gamma counter for 5 minutes to collect at least 10,000 counts per isotope. The ^Sc window was set at 810-1,200 keV and the M Sr window at 420-590 keV. Each myocardial specimen was washed free of blood and weighed prior to counting. A computer spectral stripping program was used to correct for activity spilling from one window into another. After correcting for background activity, a count-based calculation of regional myocardial blood flow was performed for each sample using the following formula 19 : Myocardial blood flow (ml/min/g) = [(total myocardial isotope counts) x (arterial reference blood withdrawal rate)/(arterial reference blood isotope counts)] -T-(myocardial sample weight in grams)
Fatty Acid Analogue Synthesis and Administration
The 3-methyl[/3-methyl] modified fatty acid substrate was synthesized by the method of Livni, 20 and subsequently iodinated with either m l or 123 I using an exchange reaction. Group 1 and 2 dogs received an intravenous injection of 50-100 /iCi of a l23 I-labeled modified fatty acid (15 para-iodophenyl, 3-methyl pentadecanoic acid: specific activity, 3 Ci/ mol). The addition of the methyl group in the 3 position precludes /3-oxidation. The fatty acid analogue was given at the time of "Sc microsphere administration during reperfusion with reference arterial blood samples obtained in each animal for 5 minutes after injection, after which the animals were killed. The same 1-g myocardial samples were counted for I23 I activity using the scintillation gamma counter. A spectral stripping program was applied to the 27-35 keV range used for measurement of the I23 I activity. Segmental 1H I fatty acid analogue activity was calculated using a modification of the above standard microsphere myocardial blood flow formula.
Group 3 dogs received an intravenous injection of the same fatty acid analogue labeled with 1.5-5.0 mCi of I23 I (specific activity, 300 Ci/mol) at the end of 2O1 T1 SPECT imaging during the third hour of reperfusion.
Myocardial Imaging
Group 3 dogs had their thoracotomy incision closed after the administration of tt Sc microspheres. Following the intravenous injection of 1-2 mCi W1 T1, each animal underwent SPECT imaging using a Technicare Omega 500 tomographic camera and medium energy collimator. The medium energy collimator was used to collect both the 2O1 T1 and 123 I fatty acid data. This collimator was selected because previous studies with l23 I-labeled compounds indicated significant image degradation from the high energy photons of 123 I when a low energy collimator was employed. Sixty 128 x 128 images were acquired at 6° angles for 30 seconds each. Total imaging time was approximately 45 minutes. Upon completion of MI T1 SPECT imaging, the camera was reset to image the 159 keV major energy photopeak of m l. Each dog received an intravenous injection of 1.5-5 mCi of l23 I-labeled modified fatty acid analogue and SPECT images were collected as described above. Great care was taken to avoid motion artifact during imaging. ^'Tl and I23 I modified fatty acid analogue transverse reconstructions were generated by filtered backprojection. Sagittal (long axis) and oblique (short axis) coronal reconstructions were then performed using identical reconstruction coordinates. Three independent expert observers interpreted each image set. Two dogs died during imaging; however, the remaining four dogs were hemodynamically stable throughout the imaging period.
Regional Myocardial Function Using Ultrasonic Crystals
Prior to coronary artery occlusion, two pairs of ultrasonic piezoelectric crystals were placed in the subendocardium approximately 1 cm apart through a small epicardial incision using a No. 11 blade. Crystals were placed parallel to the short axis of the heart.
Crystal pair placement sites were determined by a careful examination of the left anterior descending coronary artery anatomy in each dog. In Group 1 hearts, the crystal pair was located in the homogeneously ischemic central area in the crux of the LAD and its second diagonal artery branch. Placement of the Group 2 ischemic border crystal pair was based on a transient (15-second) coronary occlusion to define a cyanotic epicardial "risk area" and on previous experience with this occlusion model showing that the lateral margin of the ischemic zone is grossly defined by the epicardial course of the diagonal artery. When localized in this fashion, the lateral infarct border crystal pair always lay in dysfunctional, triphenyltetrazolium chloride (TTC) positive, ischemic myocardium.
A sonomicrometer apparatus was used to transmit repeated 10-nsec, 180-V pulses that produce a longitudinal ultrasound wave traveling through the myocardium from the emitter to receiver crystal at a constant velocity of 1.56 mm//isec. The pulse stimulation rate was 1 kHz. Myocardial transit time is converted to a signal length which is then preamplified to provide a continuous analogue signal of dynamic segment length. The measured transit time is calibrated in 1 /itsec increments using an oscilloscope. Length changes were continuously recorded at a paper speed of 50 mm/sec. End diastole was defined as the terminal point of the ECG R wave; end systole was defined as the dicrotic notch of the central arterial pressure tracing. The following measurements were made from the paper recording at baseline, during occlusion and 3 hours of reperfusion: end-diastolic length (EDL), end-systolic length (ESL), ESL normalized to an EDL= 10 mm (ESL 10), percent systolic shortening (A length in systole/ maximum length in systole x 100; %SS) and dyskinesis index ( = ESL -minimum length in diastole).
Triphenyltetrazolium Chloride Histochemical Staining
Immediately following sacrifice by left heart injection of concentrated potassium chloride solution, hearts were drained of blood, blotted dry, and then sectioned breadloaf fashion into short axis slices 1 cm thick from apex to base. Slices were then incubated in a 2% solution of TTC for 2 to 3 hours with sutures placed to maintain correct anatomic orientation. After soaking in a warmed solution of saline, slices were photographed and TTC negative areas outlined through transparency paper. The left ventricle slices were then divided into approximately 1-g segments for scintillation well counting. Each slice was divided into epicardial and endocardia! halves. Each section was numbered and segmental TTC staining (positive or negative) was recorded for all segments with ischemic microsphere myocardial blood flow values (<0.5 ml/min/g).
Electron Microscopy
Myocardial biopsies were obtained immediately prior to sacrifice using a Tru-cut needle with a 20-mm specimen notch (Travenol, Deerfield, Illinois). In each dog, two biopsies were obtained from the normal posterolateral wall, and from the center and border of the ischemic zone. In Group 1 dogs, the central biopsy was taken from the 1-cm area between ultrasonic crystal placement sites, and the border zone sites were determined by observing tissue color change and wall motion abnormalities during coronary artery occlusion. In Group 2 dogs, the border zone biopsies were taken from the 1-cm area between ultrasonic crystal placement sites. Border zone biopsy tracks followed a tangent to the epicardium to minimize bleeding and were directed away from the central ischemic zone. All biopsy specimens were divided into epicardial and endocardial halves, then fixed in Karnovsky solution for 3-4 hours. Refrigerated samples were then transferred to cacodylate buflFer and post-fixed at a later time with 1% osmic acid for 1 hour. Following ethanol dehydration, rinsing with propylene oxide and embedding in Epon 812, l-/im thick slices were examined. Ultrathin 500-A sections were then cut using a microtome and stained with uranyl acetate/lead citrate. At least three grids per tissue block were examined for ultrastructural changes.
Statistical Analysis
Statistical comparisons between groups of myocardial segments from multiple dogs were made using analysis of variance (ANOVA) for "nested" experiments to correct for the potential influence of individual dog data on group mean data. A Newman-Keuls Range test was then applied to determine which of the multiple intergroup comparisons achieved a value of p<0.05. Blood flow and fatty acid activities from normal, TTC positive, and TTC negative myocardial segments from Group 1 and 2 dogs were expressed as a mean ± SD.
Results
Microsphere Myocardial Blood Flow
Microsphere myocardial blood flows (ml/min/g) were calculated in 1-g left ventricular segments from Group 1 and 2 dogs (Table 1A. ). The values for occlusion myocardial blood flow obtained by the injection of M Sr microspheres during left anterior descending occlusion were lowest in the TTC positive ischemic segments of Group 1 dogs (0.19±0.14 ml/min/g), presumably due to incomplete collateralization during the shorter 15-minute occlusion period. Group 2 dogs had greater TTC positive ischemic segment (0.28 ±0.14 ml/min/g) and TTC negative infarcted segment (0.20 ±0.18 ml/min/g) flows which were present for one hour. Reperfusion blood flows determined using ^Sc microspheres were comparable in normal, TTC positive and TTC negative ischemic segments except in Group 2 normal (0.96 ±0.32 ml/min/g) and in Group 2 TTC positive segments where reperfusion flows were greater (p<0.05) but not hyperemic (0.81 ±0.2 ml/ min/g) compared with other segments.
Fatty Acid Analogue Concentration
The absolute and flow-corrected fatty acid analogue concentration for the same one gram myocardial segments is shown in Table IB . Absolute fatty acid analogue activity was significantly lower (p<0.05) in TTC negative segments (0.19 ±0.09 % dose/gram) compared to normal (0.24 ±0.06) and TTC positive ischemic segments (0.26±0.04). There was no statistical difference between the absolute fatty acid activity in all normal and TTC positive ischemic segments.
When fatty acid activity was corrected for the effect of near simultaneous reperfusion blood flow assessed by 46 Sc microspheres, the following differences were noted: 1) fatty acid analogue activity per unit of reperfusion myocardial blood flow was 9% greater in TTC positive segments than that observed in normal segments (0.38 ±0.1 vs. 0.35 ± 0.09; p<0.05) and 27% greater than in TTC negative infarcted segments (0.30±0.16); 2) the same TTC negative segments had 17% less fatty acid activity per unit of reperfusion blood flow compared with normal segments (p<0.05); and 3) the ratio of fatty acid activity to reperfusion blood flow in Group 2 TTC positive segments 
Myocardial Imaging
Analysis of ^'Tl and 123 I fatty acid analogue SPECT images revealed m l fatty acid activity in excess of ^'Tl activity at the border of the anteroapical defect in all four surviving animals. Background-corrected count ratio images obtained in sagittal and coronal tomographic planes confirmed the qualitative interpretation of increased m I fatty acid activity in each case. The other two dogs died during the imaging procedure and showed no difference in the distribution of these tracers at the ischemic border zone. An example of the differential distribution of I23 I fatty acid analogue and 2OI T1 is given in Figure 1 .
Regional Myocardial Function
Regional myocardial shortening was assessed using a pair of subendocardial ultrasonic crystals implanted at the center of the 15-minute occlusion ischemic zone (Group 1) and at the margin of the 1-hour occlusion zone (Group 2). Ultrasonic crystals implantation sites corresponded to TTC positive ischemic regions. Myocardial biopsies were obtained directly adjacent to crystal placement sites to provide further confirmation that crystal recordings were obtained from noninfarcted (i.e., "stunned") myocardium. The results of this regional myocardial function analysis are summarized in Table 2 for recordings obtained at baseline (preocclusion), at the end of the occlusion and after 3 hours of reperfusion. During occlusion, dyskinesis was seen in Group 1 dogs (%SS, -1 1 ±6) that subsequently improved to relative hypokinesis at 3 hours of reperfusion (%SS, 8±22). Similarly, dyskinesis was observed in Group 2 dogs after a 1 hour occlusion (%SS, -1 1 ±2) with persistent akinesis after 3 hours of reperfusion (%SS, 1 ± 17). Thus, a 15-minute transient occlusion produced a comparable ischemic insult (/? = NS) but a less sustained postischemic dysfunctional state than that observed after a 1-hour occlusion (p<0.05). Gradual improvement in regional systolic shortening occurred in both groups during reperfusion. An example of the changes in segmental myocardial function from dogs in Group 1 and 2 is given in Figures 2A and 2B .
The gradual increase in EDL during reperfusion of Group 2 hearts after a 60-minute occlusion was unexpected. Slight increases in EDL are observed after reperfusion of a 20-minute occlusion bed. 21 This effect would be expected to be prolonged after a 60-minute occlusion and may have been accentuated by intraoperative fluid replacement in an attempt to maintain perfusion pressure without the use of sympathomimetics. The absolute EDL value is not critical to the determinations of systolic shortening (%SS) where significant intergroup differences were observed.
Potential Myocardial Viability
Two methods were used to assess the potential myocardial viability in ischemic-reperfused seg- ments. TTC staining showed no histochemical evidence of infarction in any of the five Group 1 dogs undergoing a 15-minute LAD coronary artery occlusion. Conversely, all five Group 2 dogs subjected to a 1-hour occlusion had varying degrees of TTC negativity, usually in a mottled subendocardial distribution. Approximately one third (37/108, 34%) of ischemic segments "at risk" (determined using microsphere blood flows <0.5 ml/min/g) in Group 2 dogs had absent TTC staining indicating necrosis. Group 3 dogs had a similar extent and distribution of TTC staining to that observed in Group 2 dogs.
Multiple biopsy samples were obtained before the animals were killed to determine the ultrastructural correlates of cell viability. Two samples were obtained from each of the normal, central, and border ischemic zones and were then divided into epicardial and endocardia! halves. Examples of the electron microscopic studies from Group 1 and Group 2 dogs are illustrated in 
Discussion
This study extends previous observations showing retention 141522 - 23 and delayed clearance 1012 -15 -23 of unmodified radiolabeled fatty acids in reperfused, ischemic canine myocardium by relating the myocardial uptake of a modified fatty acid to coexisting functional and histological derangements. A modified fatty acid with prolonged myocardial retention was developed for these studies because it can be readily employed with widely available single photon tomographic imaging systems. The studies performed with this agent led to several observations: 1) the relative concentration of the modified fatty acid in portions of acutely reperfused myocardium is greater than that of a perfusion marker, 2) the zones of relative fatty acid excess correspond to areas with characteristic segment shortening changes (myocardial "stun") as measured by ultrasonic crystals; and 3) the zones of relative fatty acid excess correspond to areas with reversible ischemic ultrastructural changes observed by electron microscopy.
Methodological Considerations
Histochemical staining using TTC may underestimate the eventual extent of myocardial infarction. Electron microscopic examination of cell ultrastructure is the most reliable method to separate reversible ischemic injury from irreversible damage. 18 -2425 TTC was taken up by all ischemically "stunned" segments, and correlated well with the electron microscopic findings of reversible injury in the same segments. Our finding that 34% of "at risk" segments were TTC negative is in keeping with previous reports that between one third, and one half of the subendocardial risk area becomes necrotic after a similar duration of occlusion. 26 Multiple biopsies were taken to reduce the chances of sampling error when determining ultrastructural correlates of viability, including the area between ultrasonic crystals. Although the "salvageable" border of infarctions is thin and follows a serpentine course, border zone samples were found to be predominantly viable. Central samples from Groups 1 and 2 showed reversible and irreversible ultrastructural changes respectively. Electron microscopy confirmed the TTC classification of segments as viable or infarcted.
Mild tissue edema and minor mitrochondrial changes occur at 20 minutes of reperfusion after a 15-minute occlusion. 25 Our data and that of others 1824 indicate that these reversible ultrastructural changes may persist well into the reperfusion period without necrosis. We did not observe the osmophilic perimitochondrial vacuoles described in viable reperfused 24 and nonreperfused 22 myocardium which may represent cytosolic accumulations of lipid that has been denied access to the mitochondria! matrix for oxidative phosphorylation. The organization of "lipid" into vacuoles may require a longer time to occur than the three hours of reperfusion in this study. Although not visible microscopically, tracer amounts of the fatty acid analogue accumulated in the early postreperfusion period, presumably as acyl-coenzyme A (CoA) and fatty acid esters 9 -27 -28 in the cytosolic cell fraction.
Branched-chain modified fatty acid analogues such as 15 para-iodophenyl, 3-methyl pentadecanoic acid are rapidly cleared from the blood (60% first-pass extraction), and metabolically "trapped" in the myocardium following a committed step (acylation or triglyceride synthesis). 16 -2930 Assuming an insignificant loss of tracer from the myocardium occurs during the 5-minute sampling interval before death, an integrated arterial reference blood sample can be used to correct for the arterial input function. Using this method, fatty acid analogue concentration was depressed in irreversibly injured tissues and increased (relative to substrate delivery by blood flow) in areas of reversible ischemic injury. The rationale for calculating the fatty acid activity:reperfusion flow ratio was twofold. First, this was done to relate fatty acid activity to the principle determinant of its input function, simultaneously measured myocardial blood flow. Second, this was done to statistically correct for any potentially confounding effect of a covariable (flow) on the variable of interest (fatty acid activity). By doing this, we identified a population of ischemic but viable myocardial segments with an accumulation of fatty acid compared to normal or infarcted segments.
No "hot spot" was observed on fatty acid images in the border zone of partially reperfused infarcts. There was a relative increase in SPECT image fatty acid activity over perfusion (^'Tl) in border zone myocardium. The difference in experimental protocols between SPECT imaged Group 3 dogs (partially reperfused) and in vitro studied Group 2 dogs (completely reperfused) may have accounted for the discrepancy between the increased fatty acid perfusion activity on SPECT images compared with the similarity between fatty acid microsphere blood flow ratios in Group 2 TTC positive versus normal segments (0.35 ±0.07 vs. 0.35 ±0.09). Increased reperfusion flow in completely reperfused Group 2 TTC positive segments may have favored backdiffusion washout of fatty acid analogue, thereby reducing the ratio to the normal range.
Metabolic Considerations
The improved extraction and prolonged residence time of modified fatty acid analogues are desirable for SPECT imaging studies. Another modified fatty acid, 3-methyl heptadecanoic acid, is extracted as well as its straight chain counterpart, approximately 2.3 ±0.3% of the injected dose per gram. 29 Modification to a 15-carbon molecule improves extraction of the analogue to 4% of the injected dose per gram. 31 The 3-carbon 03) methyl group permits only one thiolytic cleavage to occur, resulting in formation of 3-methyl, 3-hydroxy acyl-CoA. Preliminary studies indicate that up to 20% of the fatty acid remains in the cell in this form for a protracted time interval. 32 The improved extraction and prolonged residence time of the modified fatty acid analogue are desirable for SPECT imaging studies.
Theoretically, /3-oxidation beyond the third enzymatic step in the four enzyme /3-oxidation chain cannot occur due to the 3-methyl group substitution 33 ; the /3-ketoacyl-CoA derivative cannot be generated. Similar ischemic inhibition of /3oxidation occurs at 0-hydroxy acyl-CoA dehydrogenase step for unsubstituted, straight-chain fatty acids. A rapid post-occlusion decrease in fatty acid oxidation 9 is associated with a marked decrease in myocardial tension development, 27 and the accumulation of negatively inotropic fatty acyl-CoA and acyl carnitine esters in the cytosol. 28 When prolonged derangements in fatty acid and purine metabolism return to normal, ATP is repleted and function is restored. 91413 The return of normal contractile function after a single, short (15-minute) occlusion may take days, 1734 and is paralleled by the regeneration of the cellular ATP pool. 35 The subepicardial and lateral border zones of canine infarctions may also take days to weeks to recover their normal ultrastructural, biochemical and functional characteristics. 1836 The metabolic fate of 3-methyl modified fatty acid has been studied in rodents and dogs. At 5 and FIGURE 3. Top left: Photomicrograph from the normal myocardium of a Group 1 dog (magnification, X-4,000). Nuclear chromatin (N) is evenly dispersed. The surrounding sarcoplasm contains abundant glycogen (g). Mitochondrial cristae are tightly packed with a scanty matrix and few tiny matrix granules. Other views showed the sarcomeres in alignment and an intact sarcotubular system. M, mitochondria. Top right: Photomicrograph from the "stunned" region of the same Group 1 dog (y.6, 000) . Glycogen is less abundant in the sarcoplasmic reticulum. Early evidence of contraction banding is present (CB). There is sarcoplasmic reticular edema (E). The sarcotubular system (ST) remains intact. At higher power, mitochondrial cristae appeared slightly disorganized, and the matrix contained a few amorphous dense bodies. Generally, sarcomere architecture is preserved. No vacuoles are noted. Bottom left: A higher power view (X17,750) from the epicardium of the border zone from a Group 2 dog with a 1-hour occlusion and 3-hour reflow. The changes observed are very similar to those in the stunned region seen in top right, although sarcoplasmic reticular edema is less prominent. C, cristae; Z, Z band. Bottom right: Photomicrograph (y.6,000, Figure 3 top right) taken from central zone endocardium of a Group 2 dog. Contraction band necrosis is prominent. The nuclear chromatin is clumped and marginated. Mitochondria are markedly swollen with "ropey" disrupted cristae. There is misregistration ofZ bands. Myofibrils are stretched with wide I bands andperi-Z N bands noted. Glycogen is sparse. Vacuolization and sarcoplasmic reticular edema are also present. These changes are generally associated with irreversible myocardial injury. VAC, vacuole. 60 minutes after injection, 82% and 72%, respectively, of the organic phase of heart extract was in the form of triglycerides, while only 64% and 46% of injected palmitic acid was in the form of triglycerides at the same time points. 37 Less 3-methyl modified fatty acid existed as free fatty acid, monoglyceride, and phospholipids at each time point compared with palmitic acid. A canine study of ["C]/3methyl heptadecanoic acid (using positron beta probes) showed that while extraction fraction was increased in ischemic compared to normal myocardium (45% vs. 25%), less /3-oxidation to "CO 2 (<1 vs. 5% at 20 minutes) and more back-diffusion of unaltered substrate into the coronary venous effluent (45% vs. 33%) occurred from ischemic tissues. 38 Ischemia increased triglyceride fraction activity from 55% to 73% and decreased phospholipid content from 30% to 12%. Thus, 3-methyl substituted modified fatty acids accumulate predominantly as triglyceride in ischemic myocardium. These data indicate that 3-methylated fatty acids are esterified to triglyceride under normal and ischemic conditions, and that this type of fatty acid analogue may be useful to assess the endogenous neutral lipid pool which has been proposed as an index of metabolic recovery. 14 No experimental data exists on other potential metabolic fates for 3-methyl modified fatty acids. A high percentage (84 ±17%) of extracted free fatty acids (palmitate, oleate) is rapidly /3-oxidated in normal subjects and in ischemic heart disease patients. 39 Unmetabolized free fatty acids have three possible metabolic fates: 1) storage as triglyceride, which increases during ischemia 40 ; 2) lipoprotein lipase mediated triglyceride hydrolysis with release by back-diffusion of fatty acid into the circulation 10 ; and 3) interstitial lipid accumulation, 41 representing a slow-turnover free fatty acid pool. 42 Although intracellular levels of 3-methyl fatty acid metabolic intermediates should theoretically increase during at least the initial phase of reperfusion, this hypothesis needs confirmation by tissue assay studies relating concentrations of amphipathic acyl-CoA esters 28 and nonesterified fatty acids 43 to compromised fatty acid metabolism and contractile function. Studies of myocyte ultrastructure and regional mechanical function in control animals without myocardial ischemia give no indication that administration of 3-methyl substituted modified fatty acid analogueues directly or indirectly potentiates formation of amphipathic esters or inhibits the adaptive metabolic response to myocardial ischemia (i.e., regeneration of carnitine; Kotaka et al 44 ) .
Accumulation of I4 C oleic acid as triglyceride occurs in the border of nonreperfused canine infarctions. 22 Triglyceride accumulation is also recorded using high resolution proton nuclear magnetic resonance in moderately ischemic (MBF, 41% control) segments of 24-hour-old experimental infarcts and in postischemic "stunned" myocardium (15-minute occlusion, 3-hour reperfusion). 4546 Fox et al 10 used a positron beta probe to demonstrate that, despite increased "backdiffusion" of nonmetabolized substrate, residual ["dpalmitate activity rose due to diminished clearance, causing increased tissue content of nonesterified fatty acid and triglyceride.
Conclusions
These previous findings are pertinent to our data. Using an intravenously administered nonmetabolized fatty acid analogue, only infarcted segments had a significantly lower absolute fatty activity (0.19 ±0.09). We postulate that this occurred due to a combination of decreased analogue extraction and increased "back-diffusion" of nonmetabolized substrate across irreversibly damaged sarcolemmal membranes. The clearance of this fatty acid is slowest in severely ischemic myocardium. 1630 The accumulation of fatty acid analogue in ischemic TTC positive segments (compared with normal and infarcted segments) was observed when fatty acid activity was related to reperfusion blood flow. This relative increase in activity per unit flow was noted in vitro after a 15-minute "stun," and both in vitro and in vivo using SPECT after a 1-hour occlusion with reperfusion. If this tracer is extracted from the circulation in proportion to coronary blood flow, 2747 then we may conclude that retention of modified fatty acid by ischemic but viable myocytes is the result of the interplay between two factors: greater substrate delivery, which appears unlikely because segmental reperfusion was comparable, except in TTC positive Group 2 segments where reperfusion was greater; and diminished "back-diffusion" of nonmetabolized substrate through disrupted cell membranes 48 of infarcted segments.
The pathogenesis of mycardial "stunning" remains unclear. This study demonstrates that fatty acids may act directly or indirectly as the putative agent. Quantitative kinetic studies of substrate metabolism dictate the use of positron tomography 2949 ; however, SPECT imaging of modified fatty acid analogues may prove to be a more widely accessible noninvasive method for marking viable ischemic myocardium early during reperfusion. The potential of both techniques for assessing the efficacy of clinical interventions for myocardial salvage during sustained reperfusion is implied, but remains unproven.
